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BALLISTIC RESEAR1H LABORATORIES

MEMORANDUM REPORT r;o. 193,1

KOOpalka/lca
Aterdern Proving Giround, 1.-d.
OctoLer 1968

AERODYNAMIC FORCE TESTS OF CONE CYLINTER FLECIETTE MODELS
AT SUPERSONIC MACH NLU-EfF.9 (U)

(UN CLASS IF IED) ABSTRACT

Wind tunnel force tests were performed to determine the influence

of varying aftcrbody length on the aerodynamic characteristics of five

slender cone cylinder flechette models. The test was performed in the

supersonic wind tunnel No. 1 of the U.S. Army Ballistic Research

Laboratories. Force and static stability parameters were determined at

Mach numbers 1.5 to 4.0 at nearly constant Reynolds numbers. The

results are presented and compared with theoretical data obtained from

supersonic small disturbance theory.

3 The following page is blank.
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CONFIDENTIAL

(C0NFMEV'IAL) 1. INTRODUCTICK,

Nonspinning very slender bodies of revoluLtio• were stabilized in

the past primarily by an array of tail mounted `in--. These fins, how-

,e'.er. hve c:used mure. problems sinre they have been in use. They are

usual �'2 ± xetak strut.ture and, therefore, pronre tL, be damaged. Sceti

frcm th'r ývinit of view, :rass stabilization aprearL to be advantagr-ou-

.,er fin st'iili.ation. Interest has arisen reccrr.t!y in the technique

of mass zt'tbillzini. these bods. referred to as f'Itkhc-ttes.

Therefor., _ inresti ; -.-.,;,.s initiated by thz. U.S. Army

Vun.. tierns ~Ct~nd, P~catinnry Arsenn:.. O'Keefe and Wissermann fouxd

frz:,i a literature review thalt the most promising flechette --mnligurations

consisted of 8 to 10 caliber cones with a short afterbody ci 1.5 to 3.0
calibers in length. They further determined the op~timum. cc,; for their

purposes to be 8.•5 calibers. Having their choice narrowed d..-n by

these findings, the investi.:ators cznta%-ted the Bqllistic Rese':• -h

Laboratories (BRI) at the ALerdeen Provinn, hround and :sked rhat 'he

Exterior Billiztici L_.horatery Berfor.. a wind ttamnel force test e- fi~e

flechette models at Ma:h numbers between 1.5 and 4.0 in order tc deter-

mine the influence of the var-ying length of the afterbody on the aero-

dyn-mic churacterictic: of the flechettes.

The test was performed in July 1966, and the results are published

in this report. Furthermore, they are also compared with theoretical
2data , obtained from supersonic small disturbance theory.

Apart from this program, a free flight investigation was conducted
3in the range of the Exterior Ballistics Laboratory . Thirteen rounds

of the shortest model version (Configuration 1), measuring 0.2 inch in.

diameter at the bate, were fired in February 1967 in order to obtain

aerodynamic data. Seven of these rounds yielded good results and were

included in this report for comparison.

Earlier experimental work on cone cylinders was published in 1954
4by L. E. Schmidt , who investigated the dynamiic properties of pure cones

and cone cylinders, and by W. E. Buford and S. Shatunoff 5 , who studied

CONFIDENTIAL
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the effe'-ts of fineness r-Atio and M ach n~rlr cl: 'ýv ierzal forn'e :jxAd

the cen~t-r of' rrrsritrre 10 on e yhr lorn 11if *:rr.nt data provid'l

additional li!~ormation or, th'e flow past *'k -. `!Ars for confiri'~rationz

not inverti,-atled previously.

(LMIWTAIFIEDM) 2. EX1'ERITMENTAL 1:.-1- ' ý A

The testz ,:crc c'or.dJ_ýti~d in the '7uP- rner~i. .*:-~.'d T-hrnne'i L'. I Of t'h':

Exterior Ball',sti'z !, tr-~tory. .:--

-.1 Equipmo~nt

The supersonic -rInd t~unnel No. 1 ls ci:,ntini~uusly oper-ited and h'.s

a closed circuit. The test section is 1, incles llith and 1,1 inches

wide, and the an.g-le of 'ittack r,,tnglez fro:% -L-" to Fl.d~es

shows a picturfe o th"ý test section with th- Trol. (er~r 'iur-iion 1)

installed. The flexible nozzle is cailibrat-d :'r Pn ', niz~bers Lý: t%1feer.

1.5 and 5.Ž-. accr.'acy of the cal!Lratioz. is t at 2.aSo'ute (error. Thbe

Reynolds ntnL'bor call be varied between 6~.1 x 12 1,~l)( e

A three conrponenit strain gare balance was used in the t --st, to

detect the aerodynl:r-ic f'orces acting on the m~odel. Its luad capacities

are

7-'rmal fcrce 12 lb-.. betweein Ca,7s

Axial force 5 lbs.

The external dimensions of' the bailance, belonqint- to a set of eig,_ht are

given in Figure 2.

For determining the contribution of the-tase pressure on the %xial

force, the base pressure wasi measured through a i/l16 inch diar~eter -

flexible tube and monitored by a pressuro transducer of Lprropriat.e

range.

Thie model dimtensions~~r' given in Fi#,ure T. Ail~five confi:7raimt~i

consist of the same cone, menruring 8.01; calibers in -length and il I

in-diameter at the base. The' cylindrical afterbc'dy v.re in j fe H '!

1.5 to 3.5 calibers.

12
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2.2 Procediure

The test schedule and the tvst conditioris- are #:!rn 1r: th( fc.-! (w-

ing table

M. Red x 10 Conf 1,7ir-ttiurns

13 5

2.0 .552 1 2 3

.265 1 3

2.5 Q.51)4 I ~

4 O.5 13 5
3.0 .,)41 1 23 5

1'.1-13 13 5

3- -J 5 3

13

After the flc~r 'w-.s es+.,-tbl-isrcd. thtr- sz-irdar-i pro-!ed~ure w-iz to

re-ýord the aeo'.~i~forý#s ev:ery fall da-;r P an 7rc.- of attrack bŽ. .

nin; with the maxi!mun nie (0) 1 -nd rrccredinh to-..-rdn 1.ts

vau' (6~.A zero -tri-l1t of att--Lfk rctferenrie cheý-k is made at thr-

be-irnniri.; and -it the end of eac-h tcst run. To obutain more test roir

for thu determination of the -de:ri':atives of norral fzicec arid ritehir.;g

mnoment, readin~gs were taken every half de-gree between plus and minus t:

dc~b-rees. Schliere:. photoCrL~phs wcre tak-en at z-ro de.,,ree angýle of

attack.

--3 Data Reduction

The data were reduced on the BRL.-computer (ORDVAC-) usin- the
staxndard pro~grlm for three component meuonurpments. The derivati,,e of'

mehdemlydto~obtain the derivative was that of les qae.The



test points affectin,,, the least squares 'if..

From. calibration data, -ind repeatalbil t.,. -- nt.n. the accuracy of* IL,

data was estirnat-d to Le bF',ter tha-r %v.d -di . soiut-* r rrur r

the normal and axial foroe ooeff -c- %r-J'1 ýwd .i ýaiilf-r- ;n

the (enrter of pressure. Ihce derivative kl! "'r .~a `or-e of'''~t

was found to be x(-cttr-if.e vwit.1:in of 11,2 %alufi:

All arifles of att-,k have bn :re r z r'ý defloctit.-r. '.

to aerodvaiamio- load avd for tho :'lc)-.-.,in het'rm

(U1MCLzSIFIED) 3. TI-EOFETICAL ---j-1 LOH-.:;

Extensive thcorivtical studies of' t-J. fl ~o: . ow Past -c-ne

,yiinders Iiait been nade at tl.e FRL tVý C!': andc~' e~ '-'

1.97', usin.,- the rn-Ji-sd otf Dhr.trsij.~:i'i' as, :cv'e rz

R. L. MoCoy~ 2ha~s bee~n Provi.dina- p.rredictiorz 'r! C7 `,%,!':der -,,d.
1'ased ori supersonic cr:--iI. dis-tir ance tL'''* "i'tr m-.c:od -rids

the disadvanta,,es of thi: method of ha'ctri IL- (1al cjrio-. an~d

consurmin,,) and yet provides ad.cpiate, noc.-,ruc: fcrv''P ~ 's

The current compututionial sc:hinre ;E 1:azcrcu ~:i Van Dyke 's hybrid

theory .It consists of a second ord,-r scQion for the aiym-

flow past slender 'bodies of revolutioc. orttc whli-h a `Irst order -.jx:

mation of' the cross flow is supcrilmposea. T-hin lirvi-cid flow r.'i' I

yields a pressure distribution that is it -r-ttc-d and' rfesolved Into

nronial and axiLal force comporients. T'ic, r.chod hi-s proven ex-eil(cIt

at-r'eement with the method of cL.,raeter-istP'-s.

Corrooctions af-couratini-, for the effe'tfs of viscosity were also

in(ýxrporatord into the pro,:ram. The prr-i. u ~ntributions Lf vis:!o::ity

'0t t~hi oonside-red Mach rium~l ers (1.5 thru i .)at i sr frnin skinfr to

loiindaLry layer thickness and flow structurte in the iva-r wake. T'he iat-r'

w ill iinfluvilo the base pressure.

Van Drivest.'r thoory ror l-amina'r and -turbule-nt compressible bounc' -~y

1oiyers- was selected for the. calculation of' skin friction. Chapman's

.14



and Stornborf- f-r io.-s were .hosf~n 'k l't-Ot : rrlijr-tion of :

V. ;.. i l -,-v C - f 't t "A l-th~ flrd t . zrw:: .r s'. o yr m , c4

m,ýn-an resluii-s aro s:0r,omprcd with thtý thc c r --.,I r--d. -tion.

"'he ricalfcr.e ,o'-fl'cin C-, thr f:~ c~f presue

7h(7' d.a uf o,;( *r iOf*t.a' h I ~Z-.1). r."~ ~

-il.c fs.zn't d i-,.- rv-n I r i t., t.1o ir

The irflurn:'e of lth,Ž afterbody andA thr .'t .rle!' Cn, the -ernt'r

vressure -are' shotxi in Fiir"res 142 und 1'3. :h ;~ ~04sof 'r:

represer.t t-,.o refemrv'riQ position's on th'- !::d'4. Tlhe d-tta o~l the ui~jer

.Woup represont thý- r-cne-r of pressur., %s :'iur~ rom' the hare o!* tIc

modpl. le, the low*-r irouzp the location of tf-.h'. in riven w-,th
reitto thr. C.06P' eylindrr Jur.'tior. i *e. thr I-asr c.' the -one alce-.P

Vn i.,,ure 14 thre r.P. loc'~tion of the shortert (I.) aind the- longrest )
1*i0rhette -onfi iraurtlon are comrared with the rosults of the thetoret: Ix

jrvdlctionr. r,!-.pared by F. . McCoy C. me of, the fie uh etit
-r~~1 -c( lg t ln , -
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of Configur't-ion 1 iare also inrliidod t,•r ,'r :x".

The t,ff'.,t of att.-b• i: zr.° .:t•h -. r a'rn th, .. of ' nlo .-

force .'urve is sho',•i in :.i.rs . ard f . -r. 17 r resents 't

cor..arison of the experi.,ntal +ita .:ith ti.e : r-di -tiol "r t",,r.[ir-

tions I and 5.

The d'it "r th. b'ts. •r•r::'su : nd tl.• ",. r , r e .iven lr-

Fiiures I1, throui:h c. IL. Li:x. r rs::.:' " .. ' ", nt (ii.re L,) ,

the totalx'Xl fox.i " .e'jli nt (Fi.7ure -_ ar• : .::,} " ith tfe

results of a he trcdi-ticn. Dra% ',1 htrI trt.' : r-e :'fl;Lt ,.2

are included in Figure 29.

(CON;FIZ•E1.'TUL) 5. D ---7'7.T"S P-, N'

The rri 'ry tic' jecti''e if the ':2 .. .. c. . . ', t -. ' do tK.r.i:-,: t

center of p-ero"rre ('.r.) jmnt itr. , . :'o-,. :, -iitir'. th. cI-l..

data were obt 'iine'd r ....'t• thn; the r,•-n. I' : .. .•r : c.:' tl ... .-

with rf-lard to Lift and dr'-,.r.

5.1 Center (ti Pres-ure

The distance betwe'n the ,,enter :if .. (C. ,,.) 'r .the, .-:ntcr of

pressure (C.P.) on the model

D X CG x.C,

is the most important paramx.eter for the originattor of this wind tunnel

test 1 . Highest possible sta.bility is ýb'.a-lid th(cn th, distance

between the two centers is createst. tha.t i. tc, s,, th't the C.,. :-houl

lie as forward -s possible on the model and the C.7. 's tft -:s pocsili,.

The methcd of stabilization beinr, invesr.i.;%tcd is to -add u li,-ht

cylindrical skirt tc, a massive <-one in in -:-tte::L•. , wve the C.P'. %'t.

with only a sli.ht adverse effet-t on th, C.;. IC the r:ans of the skirt"

is enough to influence the C.I. siLnific',ntiy, then the advarita,,e -

partly or even completely offset.

16-
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The rcs1P .n in i.:-ure 12 (lower r t~z hOW thLit the C.P. mo~rý:e

aft . 'nth ?:ra. n ne en:,th only 1,,. :;!%-ill mo~int. (c) -(."

caliler C."~. oaillhr cvlinat~r lenigth) d!. uth:: ot. th 4ah numter, -ir'i

itcan o.' r *'. 'r'- d tlat. the me1Ioud i nA o. "vry ,t'ff tivc- particularl:y

at thf' ' xrý(: .-

~h0 izti'' 1i k, ,'-,,h n'm crl t- 1 X:.l ?ur "y Le zr-.

I'*- :!Crr tl P :'.Odt' with tLe 'Tct~ Vdy %Tears 't- :

"L0 P tocaticin ,;1 1,~a .z;:;n~tend2

sc r_ tjz f 11 :1t. Vrcn h I' to I r :-h n

A r~x o n L r 't c. o iir 0 x .e r m or. a 1 a >r. theoreti-_aI

pred',-t-ion§ and t.!,e nvai 1itei f roe f'l~L t:st rez*- t s- s 4--ven ir

'i•~uc 1.11ch cxpvrirnert:Ll data fall bc-twen tli'. c~irve for inviscid

fL*ow %nd tlhat ono corr---ed for Ifull-Y turhiiient. bolaidary layer. (The

frti , r lamtinar boundary layer %ns noila,:t iLablr.) In fact. tn.

bo_,ndarv lt'mcr of trlu.4d t'mr.rŽ odc>j: 'or:a .r-- predom~nanti-'.

'.!~ia,.ch t r-tnotinn occurrin.;1 some%'.*r'- ot:; 1: ' rorti;on (Zc:!or~f

i~~)o- tIfý ::,,d, I (nrcA ~se ctloa5.).'-*-~ Xh and winrd

~±r~n a~-.coun' t,) I3' of the 'ooti. a -.~od
'Caned on~ -odc L diamtrtfr r-t1:c:( t'ror 1.. x 'Lt. ~ :le . to

-.1 x U! I, a~ r~url.ber 3.5 for the frre f-I ;1.t .Th e w i nr da~- n

datai ,ore !(-ais.rvd at ne-.rly conntant F~tynolds-vA-.Ir G-,5 x 10'

.I x I)

5.2 Slope of th., Eorntai Force "urnre

Theinfleu- of thc a:'terbudy 1c at slc-ze of the, n~orr~al

force curve, C (Ug.:7re 15) increases with, it,-fsn?.Mc ub

Mhe change It' the slope of the fittings in Yi~ure P' from zero to

Positive values com~bined with the rever~sal in the ria;-nit-ude of the -,avtlu

of for th- nhortrr afterbody ler.gtix has als ;, n obrerved by Fvf,,rd

and Shaitunoiff in thcir investigation of the effeot~s of thce af terhotdy

li~nfrth of conc- cy.11ader m'ode Is

CONFIDENTIAL
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The inif 1~iocne of' the 7.ich number on dr. dur~st~rated in 1-1.71rr

1.6 and the duta for the chortest and +.hfe i:*-z., nf 147iration r .-C r-r.

pared with t~he predicetion it. FL~urc l,. *TuŽov t.~~tcrt~i~

cid flow pred~ietien, !u,,L tl~c exirizc1!nnt.' &I.a. : *ernerally less ftka% ,

of the t i-1crtoaL valiue (,xneet f'.r the! 1-ta of' 1~r'~:rtr at arAd

above Mw

5 .3 Ease Fressurre

The inf'iiwnco of rff c rlo-'iv 1( -.;!J1 .... d M~hr:;:*tc2r (~ ~'ia* r

sure are zhowni in 1,1 "'~l. As Il.t-rc i~s nj. Ir.fl'ience of~ th,- af'tcrtc d'

leni,*th eiident fmlm the te:0tz. or~y thc datan of the sil.U rtost (1) 'mr(i '

1cnw'est (5) flechette confiruration are p~ottcd versus T.~ .:- r.'-i7.er

and the tren-d is rrrresf-ntcd by one fitn.A ~-nvariscr. b1t-Cl

experimental fir~dir,;ý and thc thec-rg!tical 1 ase resure predl'2tioni

rvn ir. 1ire]. The r. rc di t-*or, is L-sE d er I*

which trhpc'e fhcxi strcne of a turb~i 1:nt 1.r,:ndar-i am-:r.

A study of tea;'ai hi I scýIiervn f~ i'Aurvr dis,-L-ced 'that 1the

boutidar,, layer w .- prw:kTIorianart1: 1z::-in-ar or t.he t.;i.itnnrl '-s trd

maodels and the percenri> ot-*- t'rb P. bL'uncary -';er ao.th'.- ,r'.

appeared to incrcrisc with iiVhe ach n~u-.bern. ,ThE ref(.re, th Jis-:r-: -

aney between prediction aind experivicrit Is riot surprisirt-,.

5.4~ Axial 'Forfee

The at'terbody lenigth has, only a .-ernr silight influence on the zero

lift axial furce sterr~irn, from thf2 fri--tori alon:ý the afterhcdy surfaý-cc

and the data were, therefore, not show~n plotted versus this parameter.

A conparisoti of the results for the axial force versus M~ach nuriter

obtained from free flight tests, theorrti-ýal predicticrz. nnd the wind

tunnel test is shown in Figure 20.

The free fl~ig-ht drat, data (obtained at. antgle of attack varyin.;

between 1.5- and 4.0 degrees) appeatr to agIrre with Mic Fredictlin for

turbulent boundary layer (at zero an,,,le of %ttack).
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Th1caprn of the wind tunnel daita with Qth- prediction

,t ].amniir U~urilary, l~avtr in the w`.nd tuirecl *x ot. %rA the differrvnee

between Ui(eory, and experiment could then ti cx. ejlalrd primarily as ~r
difr~ bi;ect.r !n'asured and thr I rr~editco Laz-e pressure (-!!,

19). coli idetwo of the predicted :tA'id c 'zr' zero l-ft, P -,

body axi-tl for.eThm-i:r 19 con~firms -h~at. Uzi, rx.-Aarition is corr,

c-.-,evvr. tle `zi-oiodY axial focrce rint-~ also iriae(in ~ee-
Wisth f 10". phot;!,,rivhs) 'Lat the bound~iry !-a;vr .4fully; Iz'imnrr

the test an~d .!.a, t i.tnded to hecome 1re t~rl '0 ;: in.-reazi:.

!.!3ach num~ber. 71.is ri-y acrxount for a scco!.lIary cýýQ r~i-atlon to tL~e

differences Of Lhe %Xial fzrce data in i 2,7.

Mhe r~thod of zrass rtab~lizin.7 corne ý-,yllnd, le f hettes by I rfr'

in,.-- the iorsth of a cylindrical sdrt up, to cI,.C! Ibe-r is fonrId to

of 1itlect "'tiv s .. ihin the s.ýcte of ti., S. t. he rcos- !a-;. r

able O.?. location ic obtained for *i shc-rt yi-indrical skirt 1.1-

.. 5 calibr-r in lcn.-,th.

-he ex-per-ir-.ertai wind tunnel data fOr tece:.t'r ef prescurli

with the thcor(Žtic~al prrdictlon within 1'.* a~s : tIhe availabl.e

results fmim frec flid-hf tests in the ran,-, of' 1t1his Lah*-orator7, with - -

The differences in the axial force mellurcentr~S rtsultirng frcm

wind tunnel test an~d from~ the free fl'i,,ht rin-ce test are caused L--

different bountlary layer conditions.
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£ 1Red IN 5.5 a105W
1 1.5

Xcpmeasured fromn boase 2.0

2.0

x~measured from cone-cylinder junction

01 2 4

Figure, 12. (C) Center of~ Pressure Location Versus Af'terbody Length (U)
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5
4
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3
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ij Ec idrjunc t i n~
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Fidi atenr of" Pres sure -location Versus: Mach Number (U)t -

30

N tFIDENTIALV



CONFIDENTIAL

""• •..•CONF.

6

XX x
Xcp@-- . . . . . . x. - - - . . . .

PREDICTION
-INVISCiD FLOW
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0 ; WIND TUNNEL TEST,
REYNOLDS No. Red= 5.5x10 5

0 X FREE FLIGHT TEST (CONF I)

S2 M 3 45

Figure ,11. (C)Center of Pressure Location Versus Mach Number -
Comparison With Theory and Free Flight Test Data (U)
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Figure 15. (C)Slope of Normal Force Coefficient Versas Afterbody Length(U)
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Figure 1.6. (C) Slope of Normal Force Coefficient Versus Mach dum.ber(U)
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Figure 17. (C) Slope of Normal Force Coefficient Versus Mach Number .
comparison With Theory (U) I .

32

CONFIDNTIAL



CONFIDENTIAL
0.2

CPU 0  A__ 6 11

0.1 __ _.0 __

A 4.0

12 34
XCYL Red 5*5 zI0

0.2

Cps0

0.1
CCN FIG U RATIONS

0-I AND Q-5
0

23 4

ilre 18. (Cc) Base Pressure Coefficient Versus Afterbody Length
and Mach Number (U)
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Figure 19. (C)Base Pressure Coefficient and Zero Lift Fore body Axial
Force Coefficient Versus Mach Number-Comparison With Theory(U)
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_____ X FREE FLIGHT DRAG

.10

Figure 20. (C) Zero Lift Total Axial Force Coefficient Versus Much
Numbr -Comarion ithTheory and Free Flight Testý

Data (U)
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